The energy relaxations of Zn 0:91 Cd 0:09 Se multiquantum wells and epilayer structures were studied with an ultrafast timeresolved photoluminescence apparatus. The increase in the rise time of photoluminescence with decreasing photon energy and the redshift of the peak energy of time-resolved photoluminescence spectra with the delay time are attributed to the bandfilling effect and energy relaxation of hot carriers. The derived carrier temperature decreases rapidly within the first 10 ps after photoexcitation and at a much slower rate thereafter. The fast carrier cooling can be explained by the longitudinal optical (LO) phonon emissions by carriers through the Fröhlich interaction. The obtained effective scattering times of carrier and LO phonons are comparable to the theoretical prediction of 20 fs for multi-quantum well (MQW) of 20 nm well thickness and the epilayer. The slow carrier capture process may account for the long effective scattering time of 35 fs for the MQWs of 5 nm well thickness.
Introduction
The nonequilibrium properties of photoexcited carriers in semiconductors have been intensively studied for their adverse impact on the performances of optoelectric devices.
1) The understanding of the mechanism and magnitude of the photoexcited carrier relaxation is not only of physical interest but also important for the development of fast-speed optoelectronic devices and spintronics. Recently, spin detectors composed of ZnCdSe/ZnSe quantum wells doped with the transition-metal element Mn have been studied, and it is concluded that the hot carrier relaxation may have an important effect on the efficiency of spin injection across a semiconductor heterointerface. 2, 3) Meanwhile, the quantum well 4) and quantum dot structures 5, 6) of the II-VI semiconductor that employs ZnSe as barriers and ZnCdSe as active layers have been investigated owing to their wide applications. However, the carrier relaxations of ZnCdSe/ ZnSe heterostructures and quantum wells have not been studied. Among III-V semiconductor materials, such as GaAs, the energy relaxation investigation was complicated by the fact that the excess energy of hot carriers was often larger than the À-L valley energy splitting ($300 meV). However, in II-VI semiconductor materials, such as ZnSe and CdSe, the energy difference between the bottoms of the À and L valleys is larger than 1 eV. 7, 8) In the previous study, we found that hot carriers release most of the excessive energy within 10 ps and the effective scattering time between carriers and longitudinal optical (LO) phonon is 40 fs in ZnCdSe epilayers. In this paper, we study the carrier relaxation in Zn 0:91 Cd 0:09 Se/ZnSe multi-quantum wells (MQWs) and epilayer. We found that, for the MQW of 20 nm well thickness and the epilayer, the effective carrier-LO-phonon scattering times ( 0 ) are comparable to the theoretical prediction. The effective scattering time of the MQWs of 5 nm well thickness, however, is longer than the theoretical prediction. We found that carrier capture process may have an effect on the effective scattering time. The information obtained in this work, such as effective scattering times of all samples, will facilitate the design and development of high-speed and high-performance devices with quantum well and dot structures 9) of ZnCdSe/ZnSe doped with transition-metal elements.
Experiment and Samples
The Zn 0:91 Cd 0:09 Se/ZnSe MQW structures investigated are composed 20 periods of 20 nm barrier thickness, grown on a ZnSe buffer layer of 500 nm thickness by molecular beam epitaxy on undoped GaAs(001) substrates. Two MQWs of 5 and 20 nm well thicknesses and a thick epitaxy layer of ZnCdSe were studied and are designated as samples A, B, and C, respectively. For the MQW structures, both electrons and holes are confined in ZnCdSe QWs. The details of the samples are given elsewhere.
10) The timeresolved photoluminescence (TRPL) was measured by all optical photoluminescence (PL) up-conversion spectroscopy.
11) The samples were illuminated by laser pulses of 3.0 eV energy, which is frequency-doubled from the fundamental of a Kerr-lens mode-locked Ti:sapphire laser with a pulsewidth of 150 fs and a repetition rate of 76 MHz. Details of the experimental configuration have been described elsewhere. 12) Considering the absorption coefficients, 13) the reflectance from the surface of the sample (<5%), and the Gaussian profile of the laser beam, the density of the photoexcited carriers was estimated to be 1 Â 10 17 cm À3 .
Results and Discussion
The inset of Fig. 1 shows the time-integrated PL of these samples. The blue shift of PL peak energy due to quantum confinement is evident for ZnCdSe MQW. The PL peak energy of sample B of thickness 20 nm is close to that of the epilayer and this may be due to the large effective masses of electrons and holes in this structure.
14) The PL profile of sample A is similar to that studied by Netti et al. 15) We have obtained the TRPL of all the three samples at 40 K and for clarity only that of sample B is shown in Fig. 1 . The TRPL at photon energy far above the band edge exhibits a very fast rise and decay within 2 ps. As the photon energy decreases to the band gap energy, owing to the increasing overlap of wave functions of electrons and holes, the PL shows an increase not only in the rise and decay times but also in the intensity. The fast decays of PL at high energies and the slow rises of PL at energies close to the band gap energy indicate that carriers relax to the lower-energy states in a very short time. From Fig. 1 , we can estimate that carriers build up at the band gap at a time scale of approximately 10 ps. This rapid carrier accumulation at the band edge suggests that carriers interact with LO phonons during the relaxation. With the excitation energy of 3.0 eV, the initial excessive energies of the photoexcited carriers vary in different samples and are at least larger than 300 meV, which is much larger than the LO phonon energy of 29.7 meV. 10) Therefore, the emission of LO phonons by hot carriers to release excessive energy is a probable and the most effective process. After the first 10 ps of fast cooling, the carriers continue to release energy by other types of carrier-phonon interactions and by carrier recombination. While the PL lifetimes at the energy close to the band edge are close for both MQW structures (samples A and B) and are comparable to the results reported in other studies, 12, 16, 17) the PL lifetime of sample C is smaller than those of samples A and B.
To study the energy relaxation of carriers in these structures, the TRPL spectra at different delay times were measured and only that of sample B is shown in Fig. 2 . Right after photoexcitaiton, the TRPL intensity is weak and spans broadly in spectrum. The TRPL spectra reveal an increase in intensity and redshift with delay time. The above observation and the increase in PL rise time shown in Fig. 1 demonstrate that the band-filling effect occurred during the carrier relaxation. The exponential behavior at high-energy tails indicates that carriers are thermalized in a very short time, and the carrier temperature T c at a specific time delay can be derived from the slope of the TRPL spectra, assuming the Boltzmann approximation, using the equation
Here, I PL ðEÞ is the PL intensity at energy E, ðEÞ the absorption coefficient, E g the band gap energy, and k B the Boltzmann constant. The time-dependent carrier temperatures of all the three samples are shown in Fig. 3 . The carrier distribution is clearly thermalized within 0.5 ps of excitation and this time scale is comparable to that shown in another report. 19) The carrier temperature decreases rapidly within the first 10 ps and then continues to decrease with moderate rates. This behavior can be clearly justified from the time-dependent energy loss rate (ELR) determined from the experiment data shown in Fig. 3 . The ELR decreases rapidly within 10 ps and becomes insignificant after 10 ps. The carrier temperature decreases to 50 K, which is close to the lattice temperature of 40 K, for all the three samples at the time delay of 170 ps. Beyond that, T c cannot be derived owing to the weak intensity of TRPL. The fast decay of carrier temperature is consistent with the discussion on the rise time of PL at the energy close to the band edge and can be attributed to the carrier-LO-phonon interaction to release excessive energy.
To understand the mechanism of the energy relaxation of the carrier, we fit the obtained time-dependent carrier temperature, assuming that the dominant mechanism is the carrier-LO-phonon interaction, with 20 ) Here, PðtÞ is the mean power lost per carrier, 0 the effective carrier optical-phonon scattering time, K 0 the modified Bessel Function of order zero, and
with T c(L) being the carrier (lattice) temperature. The carrier cooling curves were fitted with the initial temperature T 0 of the carriers and 0 with
PðtÞ dt:
A scaling factor C is included to take into account the reduction of the carrier ELR that may be caused by the hot phonon effect or other effects. While the time-dependent carrier temperatures of these samples are comparable, the difference in the band gap energies that result in different initial carrier temperatures may affect the fitted effective scattering times. The best fits give the effective scattering times 0 's of 35, 25, and 20 fs for samples A, B, and C, respectively, as shown in the inset of Fig. 3 . The result is consistent with the reported 0 's for ZnSe and CdSe. 21, 22) Both 0 's of samples B and C are close to the theoretical predictions for ZnSe and CdSe, 23) and this result concludes that the hot phonon effect is insignificant in both samples at a carrier density of 1 Â 10 17 cm À3 . The hot phonon effect has been reported for carrier densities above 1 Â 10 18 cm À3 in III-V and II-VI semiconductor materials. 24) The slightly long 0 of sample A is irrelevant to the hot phonon effect or plasma screening effect because of the low carrier density. It may be associated with the relatively larger excessive energy than those for samples B and C, and also with carrier relaxation at barriers. As shown in Fig. 4 , for all these samples, the PLs at the barrier energy of 2.82 eV rise steeply to maxima as fast as 450 fs and decay very rapidly with different decay times. This implies that the photogenerated carriers are created and decay to the band edges of barriers at the same time scale and this observation is helpful for analyzing the carrier cooling under the same conditions. While the PL at the barrier energy decays comparably for samples B and C, one can see that the PL of sample C decays apparently at a much slower rate. It has been reported that the carrier relaxation at the barrier energy is a function of the well thickness of MQW structures. 25) The longer PL decay of sample C indicates that it may take a longer time for carriers generated in the barrier region to be captured by quantum wells and thus prolong the energy relaxation. Therefore, a longer 0 is to be expected. The dependence of 0 on the well thickness is contingent on the energy difference of the ground state of the MQW and that of its barrier. As in the case for carrier capture time, 25) an oscillation of 0 is likely to occur as the well width changes. The minor increase in 0 of sample B compared with that of sample C is also attributed to the well width and the smaller excessive energy of carriers in sample B. The scattering time is representative of the complicated convolution of all electrons and holes energy relaxation and the carrier capture.
Conclusions
In summary, the energy relaxations of Zn 0:91 Cd 0:09 Se of MQWs and epilayer structures were studied with an ultrafast time-resolved photoluminescence apparatus. The increase in the rise time of PL with decreasing photon energy and the redshift of the peak energy of time-resolved PL spectra with the time delay demonstrate the band-filling effect and the energy relaxation of carriers by interacting with the LO phonon. The carrier temperatures at different delay times were determined from the time-resolved PL spectra. The carrier temperature decreases rapidly within the first 10 ps after photoexcitation and with much slower rate thereafter. The fast carrier cooling can be explained by the LO-phonon emissions by carriers through the Fröhlich interaction. The obtained effective scattering times of carrier and LO phonons are comparable to the theoretical prediction of 20 fs for samples B and C. The hot phonon effect cannot account for the slightly long of the effective scattering time for sample A. Instead, from the observation of the TRPL at the barrier energy, it can be attributed to the slow carrier capture process to quantum wells in sample A. 
